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1  FABRICATION  OF  POROUS  Si:Er  DIODES 

1.1  Device  structures  for  visible  and  IR  LEDs 

Extensive  efforts  have  been  carried  out  to  fabricate  and  test  infrared  light-emitting  devices 
based  on  Er-implanted  porous  Si.  A  list  of  test  structures  fabricated  in  Phase  I  are  summarized 
in  Table  I.  For  comparison,  test  structures  were  fabricated  on  bulk  Si,  Si-on-sapphire,  porous  Si 
and  Er-doped  porous  Si. 

We  initiated  our  work  with  the  fabrication  of  heterojunction  diodes  by  depositing  a  layer 
of  indium-tin-oxide  (ITO)  through  a  physical  mask  onto  Er-implanted  p-type  porous  Si  samples, 
using  a  sputtering  technique.  The  ITO  target  used  for  sputtering  contained  less  than  9%  Sn,  to 
allow  formation  of  films  which  would  be  transparent  for  both  visible  and  near  IR  wavelengths. 
An  ohmic  contact  was  made  to  the  non-porous  Si  substrate  on  the  back  side  by  electron-beam 
evaporating  a  layer  of  aluminum.  A1  was  evaporated  through  a  mask  so  that  IR  emission  could 
also  be  observed  from  the  back  side.  Figures  la  and  lb  show,  respectively,  a  cross  sectional 
schematic  and  an  actual  photograph  of  a  sample  with  ITO  on  Er-implanted  porous  Si  np- 
heterojunction  structures. 

1.2  Device  Structures  for  IR  LEDs 

A  study  of  simultaneous  visible  and  IR  light  emission  from  Er-implanted  porous  Si  is 
essential  for  development  of  visible  and  IR  LEDs.  Figure  2  compares  luminescence  from  Er  at 
1.54  pm  and  visible  light  from  Si  nanostructures  versus  annealing  temperatures.  It  is  clear  that 
an  inverse  relationship  exists  between  visible  and  IR  emission  at  1.54  pm.  This  figure  indicates 
that  strong  visible  or  IR  emission  can  be  observed  for  each  annealing  condition. 

Based  on  this  data,  we  decided  to  fabricate  structures  for  IR  light-emitting  devices  using 
a  Au  contact.  These  devices  are  configured  as  Schottky  diodes  between  a  gold  contact  and  Er- 
implanted  porous  Si.  Processing  for  Au  Schottky  devices  is  much  easier  than  for  ITO 
heterojunctions.  Visible  light-emitting  Schottky  barrier  porous  Si  LEDs  have  been  fabricated  by 
Japanese  and  German  groups,  and  have  been  shown  to  exhibit  good  electroluminescence. 
However,  the  common  problem  with  their  devices  is  that  in  order  to  allow  visible  light  emission, 
the  gold  layer  must  be  very  thin,  less  than  lOOA.  Such  a  problem  does  not  exist  for  infrared 
devices,  because  Si  substrates  are  transparent  to  IR  emission  at  1.54  pm  and  a  very  thin  Au 
contact  is  not  necessary. 

It  should  be  noted  that  it  may  be  possible  that  by  varying  the  annealing  conditions  we 
may  obtain  both  visible  and  IR  emission  simultaneously;  we  will  investigate  this  in  Phase  0. 

To  optimize  device  structures  we  used  two  different  methods  for  depositing  Au  films  on 
the  porous  Si  layers.  As  shown  in  Table  I,  most  samples  were  Au  coated  using  an  RF  sputtering 
machine.  We  also  used  an  in-house  ion  beam  assisted  deposition  (IBAD)  machine  to  form  the 
Au  contacts.  Figure  3  shows  a  schematic  illustration  and  photographs  of  porous  Si;Er/Au 
Schottky  diodes  fabricated  by  both  deposition  methods.  Structures  shown  in  Figure  3b  (sample 
#SW-32B-Er)  were  fabricated  using  RF  sputtering  while  structures  shown  in  Figure  3c  (sample 
#SFPD2-Er)  were  deposited  with  Au  using  IBAD.  Note  that  metal  contacts  deposited  by  IBAD 
typically  have  better  adhesion  and  are  more  dense  than  films  deposited  by  e-beam  evaporation 
or  by  sputtering. 
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Table  I  List  of  the  samples  used  for  device  fabrication  in  Phase  /. 


Sanq>le  ID 


6554-P 


SW32B-Er 


SW32B-Er 


SFPD2-Er 


control 
porous  Si 


SW32B-Er 


SW32B-Er 


SW32P 


SFPD2-Er 


SFPD2-Er 


Sample  ID 


Si-on- 

Sapphiie 


Si-on- 

Sappbiie 


Substrate  Infotinatioa 
&  Etching  Conditions 

Implantation 

(Conditions 

Annealing 
in  N, 

Deposiuon 
of  Contact 

<100>  p-type  O.l-i.ODcm 

25  mA,  45  min 

Er  1E15  380  keV 

650°C  30  min 

ITO 

<100>  p-type  0.8-l,2  Dcm 
ICIO  mA,  60  min 

Er  1E15  190  keV 

<100>  p-type  0.8-l,2 12cm 
ICO  mA,  60  min 

Er  1E15  190  keV 

<111>  p-type  13  12cm 

100  mA,  45  min 

Er  1E15  190  keV 

p-«ype 

20  mA,  30  min 


<10Q>  p-type  0.8-1.2  licm 
100  mA,  60  min 


<100>  p-cype  0.8-l,2Ocm 
too  niA,  60  min 


<100>  p-type  0.8-l,2  Dcm 
10  mA,  60  min 


<11 1>  p-type  1312cm 
100  mA,  45  min 


Er  lElS  190  keV 


Er  1E15  190  keV 


Er  lElS  190  keV 


Er  lElS  190  keV 


sputter  Au 


sputter  Au 


sputter  Au 
(transparent) 


6S0*C  30  min  sputter  Au 
(transparent) 


sputter  Au 
(transparent) 


sputter  Au 
(transparent) 


sputter  Au 
(transparent) 


6554-C 

<100>  p-type  0.1-1.012cm 
1()0  mA,  60  min 

Er  1E15  380  keV 

650°C  30  min 

sputter  Au 
(transparent) 

6554-1 

<100>  p-type  O.l-l.OQcm 

50  mA,  45  min 

Er  1E15  380  keV 

650*C  30  min 

sputter  Au 
(transparent) 

6554-F 

<1(X)>  p-type  0.i-1.012cm 

50  mA,  30  min 

Er  1E15  190  keV 

650'C  30  min 

sputter  Au 
(transparent) 

6554-P 

<100>  p-type  0.1-1.012cm 

25  mA,  45  min 

Er  1E15  380  keV 

650*C  30  min 

sputter  Au 
(transparent) 

6554-G 

<100>  p-type  0.1-1.012cm 

10  mA,  60  min 

Er  1E15  380  keV 

650°C  30  min 

sputter  Au 
(transparent) 

<11 1>  p-type  1312cm 

1(X)  mA,  45  min 

Er  1E15  190  keV 

Substrate  Infonnatitm 

In^lantaiion 

Conditions 

0.4  ±  0.15  pm 

Er  1E15  190  keV 

Deposition 
of  Contact 


sputter  Au 


sputter  Au 
(transparent) 


<100>  p-type  0.01-0.02  12cm 

Er  1E15  190  keV 

<100>  p-type  0.01-0.02  12cm 

Er  1E15  190  keV 

<10Q>  p-type  0.01-0.02 12cm 

Er  1E15  190  keV 
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rrO  Er-implanted  porous  Si  np-heterojunction  structures,  a)  a  cross-sectional 
schematic,  and  b)  an  actual  photograph. 
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Figure  2  Intensity  of  visible  and  IR  emission  versus  annealing  temperature  for  a  porous  Si 
sample  implanted  with  l(f^  Erlcrrf  at  190  keV. 
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Er-implanted  porous  Si/Au  Schottky  structures;  a)  Schematic  illustration,  b) 
photograph  of  sample  (#SW-32B-Er)  with  rf-sputtered  contacts,  and  c)  photograph 
of  sample  (itSFPD2-Er)  with  IBAD-coated  Au  contacts. 


As  shown  in  Table  I,  we  fabricated  devices  on  substrates  produced  under  different  etching 
conditions  to  relate  material  characteristics  to  optoelectrical  properties.  Furthermore,  several 
standard  bulk  Si  and  Si-on-Sapphire  substrates  with  and  without  Er  implantation  were  used  as 
a  control.  Substrates  implanted  with  10'^  Er  at  190  and  380  keV  were  used  to  compare  the 
effects  of  implantation  energy.  All  annealing  was  performed  for  30  minutes  at  650°C,  the 
temperature  at  which  the  maximum  PL  efficiency  was  observed. 

2  CHARACTERIZATION  OF  POROUS  SitEr  DIODES 

2.1  Electrical  Characterization 


Following  the  completion  of  device  fabrication,  we  studied  electrical  properties  of  the 
ITO-  and  Au-deposited  Er-implanted  porous  Si  devices.  Using  a  curve  tracer,  we  tested  diode 
characteristics  of  each  device.  Figure  4  shows  the  current-voltage  (I-V)  characteristics  of  an  ITO/ 
porous  Si:Er  heterojunction  diode  from  sample  #6554-P.  As  shown,  the  device  has  typical  diode 
characteristics  with  excellent  rectifying  behavior.  Figures  5  and  6  show  the  I-V  curves  for  Au- 
deposited  Er-implanted  porous  Si  Schottky  diodes  of  samples  SW32B  and  SFPD2-Er,  which  used 
sputtering  and  IBAD  techniques,  respectively. 


94607 


-2-1012 

VOLTS 


Figure  4  Current-voltage  (I-V)  characteristics  of  an  ITOlporous  Si.Er  heterojunction  diode 
on  sample  #6554-P. 
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Figure  5 


Figure  6 
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Current-voltage  (I-V)  characteristics  of  an  Aulporous  Si:Er  Schottky  diode  on 
sample  tlSW32B. 
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Current-voltage  (I-V)  characteristics  of  an  Aulporous  Si.Er  Schottky  diode  on 
sample  USFPD2-Er. 
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2.2  Optical  Characterization 

As  mentioned  in  the  final  report,  infrared  spectroscopy  for  this  work  was  carried  out  in 
collaboration  with  Professor  Clive  Perry  and  his  post-doctoral  fellow  Dr.  Feng  Lu,  who  was 
partially  supported  by  this  program  at  Northeastern  University.  Professor  Perry’s  lab  has  a 
NorthCoast  Ge  detector  which  provides  us  with  the  opportunity  to  perform  these  measurements. 
Spire  has  a  complete  facility  for  study  of  visible  luminescence,  which  will  be  expanded  in 
Phase  n,  to  measure  infrared  emission  by  purchasing  a  NorthCoast  Ge  detector. 

Infrared  light-emitting  devices  based  on  UO  and  Au  have  been  provided  to  Northeastern 
University  for  IR  luminescence  measurements.  However,  the  EL  measurements  did  not 
materialize  because  of  a  new  opportunity  for  Dr.  Lu  to  work  at  Hanscom  AFB.  Since  Rome 
Laboratory  possesses  a  NorthCoast  Ge  detector,  we  are  presently  in  the  process  of  studying  the 
EL  properties  of  these  devices  at  Hanscom  AFB  in  collaboration  with  Dr.  Lu  and  Dr.  Richard 
Soref.  Results  will  be  reported  as  they  become  available. 
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SUMMARY 


Phase  I  demonstrated  for  the  first  time  strong  loom-temperatuie  emission  at  1.54pm  from 
Er-implanted  porous  silicon.  The  photoluminescence  (PL)  intensity  proved  to  be  comparable  to 
that  of  Ino.53Gao47As  material,  which  is  typically  employed  in  commercial  infrared  (IR)  light- 
emitting  diodes  (LEDs)  used  in  fiber  telecommunications  systems. 

Standard  InGaAsP  IR  LEDs  find  limited  use  because  of  their  very  broad  emission  spectra, 
which  tend  to  distort  data  transmitted  in  fibers.  This  distortion  of  transmitted  data  is  the  result 
of  chromatic  dispnsion,  which  originates  from  wavelength  dependence  on  the  index  of  refraction. 
The  problem  becomes  further  amplified  because  of  the  dependence  of  the  width  of  emission 
spectra  of  InGaAsP  LEDs  on  operating  temperature  and  power.  In  contrast,  luminescence  from 
rare  earth  elements  such  as  erbium  is  narrow  and  possesses  excellent  temperature  stability 
because  of  its  inner  shell  ionic  transitions.  Porous  silicon  doped  with  erbium  is  a  low-cost 
alternative  which  can  be  easily  integrated  with  standard  silicon  wafer  technology. 

In  this  program,  erbium  was  implanted  into  porou&  Si,  bulk  Si,  GeSi,  quartz,  and  sapphire 
at  50  to  400  keV  with  a  dose  of  10‘Vcm*.  Samples  were  then  annealed  for  30  minutes  in 
nitrogen  at  temperatures  ranging  from  500°C  to  850®C.  The  highest  emission  intensity  was 
observed  for  samples  implanted  at  190  keV,  which  had  a  peak  concentration  of  1.5  x  10”  Er/cm^ 
and  were  annealed  at  650°C.  However,  no  IR  emission  was  observed  from  Er  in  bulk  Si,  GeSi, 
quartz,  and  sapphire.  These  results  indicate  that  strong  emission  is  due  to  Er  in  quantum- 
confined  Si  nanostructures  and  not  from  Er  in  SiOj  or  in  Si  with  bulk  properties.  The  reduction 
of  PL  intensity  in  Erq)orous-Si  over  the  77  to  300K  temperature  range  is  only  about  two,  as 
compared  to  the  1000-fold  decrease  in  Er:bulk-Si.  These  results  suggest  that  Er;porous-Si 
electroluminescent  devices  with  practical  quantum  efficiency  at  300K  are  feasible. 

We  observed  strong  room-temperature  emission  by  implanting  erbium  at  190  keV  using 
a  simple  commercial  ion  implanter,  in  contrast  to  multiple  implantation  in  the  MeV  range,  which 
has  been  used  by  others  for  introducing  erbium  into  silicon.  Note  that  the  cost  of  implanters, 
including  initial  investment  and  operation,  increases  exponentially  with  energy.  Therefore, 
Spire’s  process  provides  a  very  economical  and  practical  approach  for  fabrication  of  IR  LEDs. 
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SECTION  1 
INTRODUCTION 


Through  the  nq[>id  progress  of  integrated  circuit  (IC)  technology,  silicon  has  become  the 
leading  semiconductor  material  and  will  likely  remain  uncontested  for  many  years;  its  indirect 
bandgap,  however,  has  prevented  its  use  in  optoelectronics.  Extensive  research  is  being 
conducted  in  an  effort  to  incorporate  compound  semiconductor  light-onitting  diodes  (LEDs)  and 
laser  diode  technologies  into  silicon  very  large  scale  integrated  (VLSI)  processes  by  epitaxial 
growth.  However,  the  most  promising  ni-V  light-emitting  compounds  are  not  easily  processed 
on  silicon  substrates  due  to  lattice  and  thermal  expansion  mismatches.  Incompatibility  problems 
generally  degrade  die  performance  of  any  m-V  compound  LED  grown  on  silicon.  An  alternate 
method  involves  mounting  m-V  based  devices  onto  silicon  wafers,  but  this  is  cost  ^c- 
consuming,  and  labor-intensive. 

Two  approaches  that  could  overcome  this  limitation  and  permit  efficient  visible  to  infrared 
(IR)  emission  are  production  of  porous  Si  quantum-confined  structures*  for  efficient  visible-light 
emission,  and  introduction  of  rare  earth  elements  into  Si  for  IR  emission. 

During  the  past  two  years,  optically  excited  visible-light  emission*  from  electrochemically 
etched  anodized  silicon^  has  provid^  researchm  with  the  possibility  of  fabricating  a  visible  LED 
based  on  porous  Si.^  A  few  groups  have  used  semi-transparent  Au  as  a  solid  state  contact  to 
porous  Si  to  fomi  Schottky  diodes.^’*'  Spire  has  demonstrated  a  light-emitting  device  consisting 
of  a  heterojunction  between  electrochemically  etched  p-type  porous  Si  and  n-type  tran^arent 
indium  tin  oxide  (ITO)  (Figure  1).  The  use  of  FTO  or  other  wide-bandgtqi  semiconductors^'^ 
which  are  transparent  to  visible  light  has  potential  applications  for  visible  LEDs  and  display 
panels.  Extensive  efforts  are  in  progress  to  increase  light  efficiency  in  these  devices. 

Over  the  last  decade,  research  has  focused  on  the  introduction  of  rare  earth  elements  into 
m-V  compound  semiconductors*'**’  because  of  their  potential  iq>plications  in  optical  communica¬ 
tions.  Erbium  has  attracted  die  most  interest  because  it  exhibits  ^aip  luminescence  at  1.54  pm, 
the  result  of  an  internal  4f  transition.  The  Ss  and  Sp  shells  shield  4f  orbitals  of  Er^  in  conqiound 
semiconductors  from  first-order  host  lattice  effects;  likewise,  a  similar  transition  has  been 
observed  in  glass.**  This  opens  up  exciting  possibilities  for  creating  optical  devices  in  silicon 
and  integrating  electrical  and  optical  devices  widi  Si-based  circuits.  In  this  way,  the  mature 
manufacturing  technology  of  silicon  can  be  extended  to  optical  communications. 

Ion  in^lantation  has  been  used  to  dope  erlnum  into  single-crystal  silicon  for  optoelec¬ 
tronic  applications;  however,  an  efficient,  room-temperature,  infrared  (IR)  LED  has  not  yet  been 
demonstrated.*^  Recent  measurements  have  suggested  that  the  solubility  of  Er  in  Si  is  1.3  x  10*'/ 
cm^  at  900°C.  Precipitates  take  the  form  of  platelets  of  erbium  silicide  100  to  300A  in  diameter 
and  lOA  thick.  Hgure  2  shows  the  precipitate  density  of  Si:Er  for  a  900‘*C  anneal  versus 
concentration  of  Er.  The  photoluminescence  (PL)  saturates  at  5  x  10*^/cm^,  below  die  iqiparent 
solubility  limit*^  Researchers  have  iqiplied  a  variety  of  methods  to  increase  die  solulnlity  or 
optical  t^ciency  of  erbium  in  silicon.  For  example,  Polman  et  al}*  reported  that  the  solut^ty 
of  Er  can  be  increased  if  Si  is  amorphized  before  Er  inqilantation.  Several  papers****'  have 
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indicated  that,  after  introducing  oxygen  or  other  impurities,  the  light  emission  of  Er-implanted 
Si  is  enhanced.  Indeed,  recent  results  of  Er-implanted  silicon  measured  with  extended  X-ray 
absorption  fine-structure  (EXAFS)  show  Er-implanted,  Czochralsld-grown  silicon  (CZ-Si) 
involves  a  sixfold  bonding  of  erbium  to  oxygen  impurity  atoms  and  forms  an  opdcally-active 
species.  In  contrast,  erbium-implanted,  float-zone  silicon  (FZ-Si),  which  contains  far  less  oxygen, 
results  in  a  twelvefold  bonding  of  erbium  to  silicon,  yielding  an  optically-inactive  species,  as 
shown  in  Figure  3.*’ 


Optically  Inactive  Optically  Active 

Figure  3  Schematic  picture  of  first  coordination  shell  surrounding  Er  in  FZ-Si  (l^)  and 
CZ-Si  (right).  Erbium  in  CZ-Si,  which  is  optically  active,  has  a  svfold  coordina¬ 
tion  of  oxygen  atoms  at  an  average  distance  of 2 25 A.  In  contrast,  erbium  in  FZ- 
Si,  which  is  optically  inactive,  is  coordinated  to  twelve  Si  atoms  at  a  mean 
distance  of  SA!^ 

Based  on  the  published  literature  for  Er-implanted  Si,‘^'‘  one  can  infer  that  optical 
inefficiency  is  predominantly  caused  by  erbium’s  limited  solubility  in  silicon  (which  is  influenced 
by  the  recrystallization  process)  and  by  a  dependence  on  the  presence  of  oxygen.  We  anticipate 
that  porous  silicon  will  prove  to  be  an  excellent  host  for  rare  earth  elements  because: 

•  recovery  of  damage  resulting  from  implantation  into  Si  nanostructures 
should  occur  at  much  lower  annealing  temperatures  than  in  bulk  Si.  Defects 
such  as  vacancies  or  interstitials  created  by  Er  implantation  need  only  travel 
a  relatively  small  distance  to  reach  the  free  surface  (sink)  as  compared  to 
MeV  implantation  into  bulk  Si  where  defects  must  travel  rather  long  dis¬ 
tances  (several  hundredAhousand  angstroms)  to  reach  die  sink.  Annealing 
at  9()0°C  or  higher  is  used  to  recrystallize  bulk  Si;  however,  this  high 
temperature  could  result  in  formation  of  silicides  rather  than  erbium  with 
oxygen  coordination. 
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Erbium  in  the  silicon  nanostructures  can  easily  acquire  oxygen  because  the 
surface  area  of  the  nanostructures  is  enormous  and  the  average  distance 
between  the  erbium  and  surface  oxygen  is  on  the  order  of  a  few  nanometers. 

In  contrast  to  Er  in  bulk  Si,  Er  in  porous  Si  does  not  precipitate  because 
porous  Si  consists  of  free-standing,  quantum-confined  structures  with  distinct 
physical  boundaries,  as  shown  in  Figure  4. 

Porous  Si  has  a  higher  bandgap  (1.8  to  2.0  eV)  (see  Figure  S)  than  bulk  Si 
(1.1  eV);  thus  stronger  IR  emission  and  weaker  temperature  dependence  are 
expected,  as  shown  in  Figure  6.*^ 

Spire  has  demonstrated  (see  Figure  1)  fabrication  of  the  first  yellow-  and 
orange-emitting  heterojunction  light-emitting  diodes  (LEDs)  based  on 
silicon,  and  details  can  be  found  in  our  U.S.  Patent  entitled  "Optoelectronic 
Switching  and  Display  Device  with  Porous  Silicon."^  We  believe  that  an 
infrared  LED  based  on  rare  earth  doped  silicon  is  a  practical  expectation. 
Details  and  theory  of  energy  band  quantum  confinement  silicon  LEDs  have 
been  given  in  several  publications.  Spire’s  results  have  achieved  nationwide 
media  attention  through  reports  in  a  number  of  magazines  and  newspapers, 
including  The  Wall  Street  Journal  (December  6,  1991,  p.  B3),  Scientific 
American  (March  1992,  p.  102),  Lasers  &  Optronics  (January  1992  ,  p.  8), 
and  The  Electronics  Engineerine  Times  (May  25,  1992,  p.  4). 
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Figure  4  Cross-sectional  TEM  micrograph  of  Spire's  working  np-heterojunction  porous 
silicon  LED,  showing  the  silicon  wire  structures  underneath  FTO. 
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SECTION  2 

PHASE  I  TECHNICAL  OBJECTIVES 


Standard  InGaAsP  DR  LEDs  find  limited  use  because  of  their  very  broad  emission  spectra 
(see  Figure  7),  which  tend  to  distort  data  transmitted  in  flbers.  This  distortion  of  transmitted 
signals  is  the  result  of  chromatic  dispersion,  which  originates  from  wavelength  dependence  on 
the  index  of  refraction.  The  problem  becomes  further  amplified  because  of  the  dependence  of 
the  width  of  emission  spectra  of  InGaAsP  LEDs  on  operating  temperature  and  power.  In 
contrast,  the  luminescence  peak  from  Er  is  narrow  because  of  its  atomic  level  transitions  and  Er 
doped  in  porous  Si  has  excellent  temperature  stal^ty. 
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Figure  7  Spectral  output  curve  for  InGaAsP  surface-  and  edge-emitting  LEDs.'^ 

The  objective  of  Phase  I  work  was  to  demonstrate  a  strong  room-temperature  emission 
at  1.54  pm  from  Er  embedded  in  porous  Si.  As  we  have  shown  in  this  report,  we  have  achieved 
our  objective  and  observed  infrar^  emission  from  Er-doped  porous  silicon  which  is  comparable 
to  that  of  InGaAs  material  typically  en^loyed  in  commercial  infrared  light-emitting  diodes. 
Porous  silicon  doped  with  erbium  is  a  low-cost  alternative  which  can  be  easily  integrated  with 
standard  silicon  wafer  technology. 
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SECTION  3 

PHASE  I  TECHNICAL  APPROACH 
AND  EXPERIMENTAL  RESULTS 


3.1  EXPERIMENTAL  PROCEDURE 

3.1.1  Formation  of  Porous  Silicon  Lavers 


We  anodically  etched  a  large  number  of  p-type  crystalline  Si  wafers  with  (100)  orienta¬ 
tions  to  form  porous  Si  surface  layers.  Hgure  8  shows  the  anodic  etching  system  that  was  used 
for  producing  porous  Si  samples.  This  system  relies  on  a  Keithley  Model  225  current  source, 
with  the  sample  connected  as  the  anode  (-!■)  and  a  foil  platinum  as  the  cathode  (-).  The  electro¬ 
lyte,  usually  a  1:1  mixture  of  hydrofluoric  acid  (HF)  and  ethanol,  is  contained  in  a  teflon  vessel. 
The  silicon  wafers  ate  held  in  a  specially  prepared  jig  which  exposes  only  the  front  surface  to 
the  solution,  allowing  the  electrical  contact  on  the  b^k  to  be  isolated  from  any  liquid.  The  sili¬ 
con  samples  were  carefully  etched  in  the  HF  solution  using  current  densities  between  10  mA/cm^ 
and  100  mA/cm*. 


SAMPLE 

(ANOOE) 


ELECTROLYTE  \ 

(HF:  ETHANOL)  platmum 

PLATE 
(CATHODE) 


Figure  8 


Schematic  diagram  of  the  anodic  etching  system  used  at  Spire  for  fabricating 
porous  silicon  samples. 


3.1.2  Erbium  Implantation  and  Annealing 

We  used  an  in-house  ion  in^lanter  to  implant  erbium  ions  into  various  substrates  with 
doses  ranging  from  10*^  to  lO'Vcm*  at  energies  between  50  and  400  keV.  Hgure  9  shows  one 
of  Spire’s  ion  implanters.  Sandies  were  then  annealed  using  an  in-house  furnace  in  order  to 
recrystallize  the  damaged  porous  Si  and  activate  the  dopant  The  samples  were  aiuiealed  in  a 
nitrogen  ambient  at  temperatures  ranging  from  500  to  850‘’C  for  periods  between  15  and  120 
minutes. 
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Figure  9 


a)  Spire's  ion  implanter  for  high-dose  implantation,  and  h)  schematic  of  ion 
implanter  beam  transport. 
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3.1.3  Material  Characterization 

RBS/channeling  was  employed  to  measure  layer  thicknesses  and  determine  the  erbium 
concentration  profile  in  porous  and  bulk  Si.  The  structures  of  selected  samples  were  analyzed 
using  cross-sectional  transmission  electron  microscopy  (XTEM). 


3.1.4  Optical  Characterization 

3. 1.4.1  Visible  PL 

Visible  photoluminescence  (PL)  measurements  were  carried  out  fi’om  O.o  to  0.9S  pm. 
Excitation  was  created  by  a  Coherent  INNOVA  60  argon  laser  using  the  488  nm  beam.  The 
emission  was  disposed  by  a  SPEX  Model  1702/04  grating  monochromator  and  observed  by  a 
Si  detector.  An  EG&G  Model  5207  lock-in  amplifier  interfaced  to  a  Hewlett-Packard  Model  86B 
computer  collected  the  data. 

3. 1.4.2  Infrared  PL 

Infiared  measurements  were  carried  out  in  collaboration  with  Professor  (^ve  H.  Perry  and 
Dr.  Feng  Lu  of  Northeastern  University.  The  IR  PL  was  excited  by  a  Coherent  INNOVA  70 
argon  laser,  and  measurements  were  carried  out  at  laser  powers  between  10  and  450  mW.  An 
interference  band-pass  filter  was  placed  in  front  of  the  samples  to  eliminate  plasma  lines  from 
the  laser  beam.  The  samples  were  illuminated  from  the  porous  Si  side  and  IR  PL  was  collected 
at  a  near-backscattering  geometry.  A  SPEX  1401  0.75m  double  monochronuitor  equipped  with 
a  pair  of  600  line/mm  gratings  was  utilized  for  the  IR  PL  studies.  The  PL  signal  was  detected 
by  a  liquid  nitrogen  cooled  NorthCoast  Ge  detector.  A  thin  GaAs  wafer  polished  on  both  sides 
was  placed  in  front  of  the  collecting  lens  of  die  detector  to  filter  lines  from  the  second-  and  third- 
order  grating  scattering.  Both  entrance  and  exit  slits  of  the  monochromator  were  set  at  1000  pm, 
resulting  in  a  spectral  resolution  of  ~1  nm,  which  was  much  smaller  than  the  Er  peak  widths 
7  nm)  observed  from  the  samples. 

3.2  EXPERIMENTAL  RESULTS 

3.2.1  Concentration  Profile  of  Implanted  Erbium 

Most  published  literature  on  IR  PL  of  EnSi  reports  using  bulk  Si  samples  implanted  with 
erbium  at  the  MeV  range.^  One  of  the  aims  of  our  work  was  to  produce  samples  for  efficient 
optical  communication  using  commercial  ion  implanters.  From  an  economical  point  of  view, 
implantation  in  the  MeV  range  poses  several  problems.  First  of  all,  the  initial  investment  cost 
of  implanters  is  related  exponentially  to  the  energy  ouq>ut  Secondly,  the  operation  and 
maintenance  of  these  machines  is  much  more  complicated,  and  typical  high-energy  implanters 
deliver  less  current  (beam). 

Figure  10  shows  RBS  spectra  of  bulk  Si  and  porous  Si  implanted  with  a  dose  of  10'^  Er7 
cm^  at  190  keV.  Figure  1 1  shows  a  concentration  profile  of  Er  implanted  into  porous  Si  before 
and  after  aimealing  at  650°C,  indicating  that  no  redistribution  of  Er  has  occtnred.  Erbium  is 
distributed  in  a  region  less  than  2000A  fix)m  the  surface.  Er  peak  concentration  is  about  0.3%, 
which  corresponds  to  1.5  x  10"/cm^.  Figure  12  is  a  comparison  of  simulated  profiles  for  a 
porous  Si  sample  implanted  at  190  keV  and  4.5  MeV  with  a  dose  of  10‘’  Er/cm^  In  Figure  13 
we  compare  RBS  data  for  samples  implanted  at  50,  200,  and  400  keV. 
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Figure  10  RBS  spectra  of  bulk  Si  and  porous  Si  implanted  with  a  dose  of  Er*lcn^  at 

190  keV. 
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Figure  11  Comparison  of  concentration  depth  profiles  of  cm  Er-implanted  porous  Si  sample 

a)  b^ore  annealing  and  b)  cfier  annealing  at  650'’C,  indicating  that  no  substantial 
redistribution  of  Er  occurs  c^er  annealing  at  650**C. 
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Computer  simulation  of  Er  implantation  at  190  keV  and  at  45  MeV.  Note  that 
peak  concentration  for  erbium  implanted  at  190  keV  is  about  Kf^lcrr^,  as 
compared  to  that  for  erbium  implanted  at  45  MeV,  which  is  only  about  1&‘  cm?. 
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Figure  13  Concentration  depth  profile,  as  determined  by  RBS  measurements,  ofEr  implanted 

with  a  dose  of  l&^l^  at  50, 200,  and  400  keV  into  porous  Si. 


3.2.2  Visible  PL 


We  have  measured  the  visible  PL  of  unimplanted  and  Er-implanted  porous  Si,  typical 
results  for  Er  implanted  with  a  dose  of  lO'Vcm^  at  190  keV  are  shown  in  Figure  5.  Comparison 
of  these  two  spectra  indicates  that  after  Er  implantation,  the  intensity  of  visible  PL  has  been 
reduced  by  a  factor  of  approximately  two. 

3.2.3  Comparison  of  IR  PL  Spectra  for  Er  Implanted  into  Porous  Si  with  Bulk  Si  and  GeSi 

Figure  14  compares  room-temperature  IR  PL  spectra  from  erbium  implanted  into  bulk  Si, 
and  porous  Si  at  190  keV  with  a  dose  of  lO'Vcm^  and  annealed  at  bSO^C  for  30  minutes  in  Nj. 
Er-implanted  porous  Si  shows  a  strong  IR  emission  which  consists  of  double  peaks  at  1.S3S  pm 
and  1.550  pm  with  a  full  width  at  half  maximum  (FWHM)  of  ~1 1  and  -9  nm,  respectively.  This 
spectrum  is  identical  to  the  EL  spectra  measured  at  lOOK  (as  shown  in  Figure  15)  of  a  silicon 
substrate  implanted  with  erbium  at  4.5  MeV  and  co-implanted  with  oxygen."  No  IR  emission 
was  observed  for  any  Er-implanted  bulk  Si  samples,  even  at  9K. 
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Figure  14  Room-temperature  IR  emission  from  Er  implanted  into  porous  Si  and  bulk  Si  with 

adose  of  Itf^lcrr^  and  annealed  at  OSO’^C.  No  PL  was  observed  for  Er  implanted 
into  GeSi  or  bulk  Si.  (See  Figure  5  for  visible  PL  and  Figure  II  for  Er  profile.) 
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Figure  15  Si:Er  LED  intensity  as  a  function  of  drive  current.  The  inset  shows  the  EL 
spectra  at  lOOK  and  300K.^ 

3.2.4  Comparison  of  IR  PL  from  Er  in  Porous  Si  and  in  Quartz 

Strong  IR  PL  was  obsoved  from  Er-inq)lanted  with  a  dose  of  10*’  ErVcm’  at  200  keV 
and  annealed  at  650°C.  No  luminescence  peak  was  observed  from  the  quartz  sample  under  the 
same  conditions.  Figure  16  shows  weak  room-temperature  IR  emission  from  a  quartz  implanted 
with  a  dose  of  10*’  ErVcm^  at  400  keV  and  annealed  at  900’’C.  Figure  17  shows  PL  measured 
at  9K  for  the  latter  sample.  A  comparison  of  results  from  Er  inq>lanted  into  porous  Si  and  into 
quartz  clearly  indicates  that  the  Er  in  porous  Si  is  not  located  in  an  SiOj  environment 

3.2.5  Conroarison  of  Er  in  Porous  Si  widi  la.«Ga«..-,As 

To  determine  the  relative  PL  intensity  of  Er  embedded  in  Si  nanostructures,  it  is  inqwrtant 
to  conq)are  the  PL  of  Er-implanted  porous  Si  to  a  well-defined  reference.  Since  standards  have 
not  yet  been  established,  we  have  compared  our  IR  PL  emission  from  Er  in  porous  Si  with  a 
highly  doped  Ino^Gao47As  film  grown  on  InP.  Ino^Gao.47As  is  a  direct-bandgq)  material  which 
is  used  for  room-temperature  commercial  infrared  LEDs.  As  shown  in  Figure  18,  the  intensity 
of  IR  emission  at  1.54  pm  for  Er  in  porous  Si  is  approximately  8%  of  Ino^Ga(^47As. 

3.2.6  Effects  of  Annealing  Temperature  on  Efficiency  of  IR  Emission 

We  have  carried  out  a  systematic  study  to  determine  the  efficiency  of  IR  emission  as  a 
function  of  annealing  teiiq)CTature.  Figure  19  shows  room-tenqrerature  PL  intensity  of  an  Er- 
inq>lanted  (10*’  ErVctn^  at  190  keV),  annealed  porous  Si  sample  (SW32B-Er).  Annealing  was 
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Figure  16 


Figure  17 


94388 


Wavelength  (nm) 


Room-temperature  PL  spectra  of  Er  implanted  with  a  dose  of  l(f^  Er*lcnt‘  into 
porous  Si  at  200  keV,  and  into  quartz  at  200  and  400  keV.  Strong  IR  emission 
was  observed  for  the  porous  Si  (tfter  annealing  at  650°C.  In  contrast,  no  IR 
emission  was  observed  for  quartz  processed  under  similar  conditions.  However, 
weak  luminescence  was  observed  from  quartz  when  implanted  at  400  keV  and 
annealed  at  900®C  (see  Figure  17). 


Wavelength  (nm) 

IR  PL  spectra  measured  at  9K  of  porous  Si  and  quartz  samples  (see  Figure  16). 
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WAVELENGTH  X(A) 


Figure  18  Room-temperature  IR  PL  spectra  from  a  2  pm  highly-doped  InojfiaoAjAs  film  on 

InP  and  a  porous  Si  sample  implanted  with  a  dose  of  l(f^  Er*/^  at  190  keV. 


Figure  19  PL  spectra  of  porous  Si  implanted  with  a  dose  of  l(f^  Er*lcrrf  at  190  keV  and 
annealed  at  temperatures  between  500  and  SSO^C. 
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carried  out  in  Nj  for  30  minutes  at  temperatures  between  500  and  8S0°C.  The  intensity  of  the 
PL  increased  with  annealing  temperature  and  peaked  at  650°C;  however,  annealing  at  tempera¬ 
tures  above  650°C  resulted  in  a  decrease  in  PL  intensity.  It  is  known  that  the  most  efficient  PL 
from  Er  in  bulk  Si  is  obtained  by  annealing  at  QOOX.  In  comparison,  porous  Si  shows  an 
optimum  PL  efficiency  at  an  annealing  temperature  of  6S0°C.  Figure  20  shows  PL  intensity  as 
a  function  of  anneal  temperature  for  an  Er-iiTq}lanted  porous  Si  sample. 


PL  INTENSITY  VS.  ANNEAL 
TEMPERATURE 


40 

30 

20 

10 


Figure  20  PL  intensity  as  a  function  of  anneal  temperature  for  an  Er-implanted  porous  Si 
sample.  Note  that  the  maximum  PL  efficiency  occurs  for  annealing  at  650°C. 

3.2.7  Temperature  Dependence  of  Er  in  Porous  Si 

The  strong  temperature  dependence  of  PL  intensity  for  Er-doped  bulk  Si  is  one  of  the 
major  obstacles  preventing  the  application  of  Si:Er  in  optoelectronics.^'  Luminescence  from  Er 
in  crystalline  Si  typically  decreases  1000  times  once  the  temperature  increases  from  77K  to  room 
tempCTature.  We  have  studied  the  temperature  dependence  of  PL  intensity  in  Er-implanted 
porous  Si  from  lOK  to  room  temperature.  Hgure  21  shows  IR  spectra  measured  at  10,  80,  and 
29SK.  Figure  22  compares  our  results  of  Er  in  porous  Si  measured  at  different  temperatures  with 
the  most  recent  work  by  Priolo  et  al.,  which  shows  the  results  for  Er  iiriplanted  into  Si  in  the 
energy  range  from  0.5  to  5.0  MeV,  with  and  without  co-doping  with  oxygen  implanted  from  0.15 
to  1.4  MeV.^'  Figure  21  clearly  demonstrates  a  very  weak  temperature  dependence,  less  than  a 
factor  of  two  from  lOK  to  room  temperature  for  Er  implanted  in  porous  Si. 
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MQS2 


WAVELENGTH  (nm) 

Figure  21  IR  spectra  measured  at  lOK,  80K,  and  295K  for  Er-implanted  porous  Si. 

TUMRATURI  fK) 


Figure  22  Temperature  dependence  of  PL  intensity  for  a)  Er  irhplanted  into  porous  Si  at 
190  keV  and  annealed  at  650^C;  b)  Er  implanted  into  Bulk  Si  in  the  range  from 
OJ  to  5.0  MeV;  and,  c)  Er  implanted  into  bulk  Si  and  co-implanted  with  oxygen 
from  0.15  to  1.4  MeV. 
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SECTION  4 

CONCLUSIONS  AND  RECOMMENDATIONS 


Phase  I  results  showed  the  first  strong,  room-temperature,  infrared  emission  fiom  Er- 
implanted  porous  silicon.  This  emission  consisted  of  double  peaks  at  1.S3S  and  1.5S0  pm  and 
had  an  FWHM  of  "11  and  ~9  nm,  respectively.  This  spectrum  is  identical  to  the  EL  spectra 
(measured  at  1(X)K)  of  a  silicon  substrate  implanted  with  erbium  at  4.5  MeV  and  co-implanted 
with  oxygen.“ 

We  implanted  o'bium  into  porous  Si,  bulk  Si,  GeSi,  quartz,  and  sapphire  with  a  dose  of 
10‘Vcm*  at  energies  ranging  from  50  to  400  keV.  Sandies  were  then  annealed  for  30  minutes 
in  nitrogen  at  temperatures  ranging  from  500°C  to  900'’C.  The  highest  emission  intensity  was 
observed  for  samples  which  had  a  peak  concentration  of  1.5  x  10"  Er/cm^  and  had  been 
implanted  at  energies  as  low  as  190  keV  and  annealed  at  650“C.  However,  no  IR  emission  was 
observed  from  Er  in  bulk  Si,  GeSi,  quartz,  and  sapphire  which  had  been  implanted  and  annealed 
under  these  conditions.  We  observed  very  weak  room-temperature  IR  emission  from  quartz 
implanted  with  a  dose  of  10‘*  ErVcm^  at  400  keV  and  annealed  at  900‘*C,  which  is  1(X)  to  KXX) 
times  weaker  than  that  observed  for  Er  implanted  at  190  keV  into  porous  Si.  These  results 
indicate  that  strong  emission  is  due  to  Er  in  quantum-confined  Si  nanostructures  and  not  from 
Er  in  SiOj  or  in  Si  with  bulk  properties. 

A  systematic  study  to  determine  the  intensity  of  ER  emission  as  a  function  of  annealing 
temperature  shows  that  the  PL  intensity  increased  widi  annealing  temperature  and  peaked  at 
650°C  and  that  annealing  at  temperatures  above  650‘’C  resulted  in  a  decrease  in  PL  intensity. 
The  temperature  dependence  of  PL  intensity  for  Er-doped  Si  is  one  of  the  major  obstacles 
preventing  the  application  of  Si:Er  in  optoelectronics.  Luminescence  from  Er  in  crystalline  Si 
typically  decreases  KXX)  times  once  the  temperature  increases  from  77K  to  room  temperature. 
However,  we  have  shown  that  the  temperature  dependence  of  Er  in  porous  Si  is  less  than  a  factor 
of  two  in  this  temperature  range. 

We  compared  our  IR  PL  emission  from  Er  in  porous  Si  with  a  highly  doped  Ino.j3Gao,47As 
film  grown  on  InP.  Ino.33Gao.47As  is  a  direct-bandgap  material  which  is  used  in  fabrication  of 
room-temperature  IR  LEDs.  Our  results  show  that  the  emission  intensity  of  Er  in  porous  Si  is 
comparable  with  that  of  luo  s3Gao.47As.  Standard  IR  LEDs  have  limited  use  because  of  their  very 
broad  (100  to  200  nm)  emission  spectra,  which  tend  to  distort  data  transmitted  in  fibers.  In 
contrast,  we  have  shown  that  the  luminescence  peak  from  erbium  is  narrow  and  possesses  very 
good  ten^rature  stability.  Based  on  related  porous  silicon  work  at  Spire,  as  well  as  results 
obtained  from  the  present  woik,  we  believe  that  porous  silicon  doped  with  erbium  can  be  a 
practical  and  low-cost  alternative  which  can  be  easily  integrated  with  advanced  silicon  wafer 
technology. 

In  Phase  II,  we  will  carry  out  a  systematic  study  in  order  to  understand  the  mechanism 
involved  in  light  emission  from  Er  in  porous  Si  and  optimize  the  processes  to  enhance  its  light 
efficiency.  However,  emphasis  will  be  placed  on  fabrication  of  light-emitting  devices.  In 
Phase  n,  we  will  fabricate  two  types  of  EL  devices;  those  operating  based  on  injection-induced 
luminescence  (LEDs),  and  those  opoating  based  on  impact-excited  luminescence. 
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